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ABSTRACT
Mechanical Characterization of Selectively Laser Melted 316L Stainless Steel Body Centered Cubic Unit
Cells and Lattice of Varying Node Radii and Strut Angle
Christopher James Hornbeak

An experimental study of several variants of radius and strut angle of the body centered cubic unit cell
was performed to determine the mechanical properties and failure mechanisms of the mesostructure.
Quasi static compression tests were performed on an Instron® universal testing machine with a 50kN
load cell at 0.2mm/min. The test samples were built using a SLM Solutions 125 selective laser melting
machine with 316L stainless steel. Test specimens were based on 5mm cubic unit cells, with a strut
diameter 10% of the unit cell size, with skins on top and bottom to provide a cantilever boundary
constraint. Specimens were inspected for dimensional accuracy using precision calipers and inspected
for morphology using a MicroVu® macroscope. The compressive properties of the mesostructure was
compared to the compressive properties of macrostructure. The BCC unit cell behaves significantly
different at the boundary layer of a constrained lattice. The failure mode at the boundary is
characterized by plastic bending within the microstruts while the non boundary layer cells fail via plastic
bending at the node. Manufacturing compensation parameters were determined for part shrinkage and
droop. Two predictive numerical models were developed, based on the Gibson-Ashby model of cellular
solids, as well as a finite element model. Numerical results did not agree well with the experimental
results, indicating that the droop observed on the structures significantly affects the mechanical
properties of the overall structure. The 25% radius cubic unit cell and 3^3 lattice withstood the greatest
stress of all specimens tested and exhibited nearly ideal plastic deformation behavior.
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CHAPTER 1 INTRODUCTION
Background
In recent years, the manufacturing of metallic lattice structures has become increasingly feasible with
improvements in additive manufacturing technologies such as electron beam melting, selective laser
sintering, and selective laser melting. Depending on the unit cell topology, lattice structures can exhibit
ideal energy absorbing mechanical properties which may be useful for aerospace, automotive, and
military applications.
Lattice structures are classified as a metamaterial. Bonatti (Bonatti & Mohr, 2017) discusses
metamaterials as being defined by 3 distinct sub-structures in the following scales: macroscopic,
mesoscopic, and microscopic. Macroscopic mechanical properties view the material as a homogenous
solid. Mesoscopic properties view the material as a two phase material containing a porous structure
consisting of unit cells and a fluid phase such as air or water. Finally, microscopic properties view the
material as a heterogenous material where occurrences such as grain boundaries and crystal structures
are considered.
Applications of lattice structures for energy absorption
The mechanical properties of lattice structures lend them well to multi-functional applications which
combine properties such as strength and thermal conductivity. In addition, lattice structures outperform
polymer energy absorbing structures at high temperatures. (Deshpande, Fleck, & Ashby, 2001)
Aerospace applications include sandwich panels in impact prone areas such as the leading edges of
wings or the bottom of fuselages. Jet turbine housings need to contain the extreme forces of blade off
events. Satellites need lightweight ballistic impact protection from high velocity micrometeorites.
Military applications include lightweight ballistic protection for armored vehicles and soldiers. (Rashed,
Ashraf, Mines, & Hazell, 2016)

Lattice structures can be used in any application where an energy absorber is demanded, but the
maximum plateau stress provided by the material needs to be higher than provided by polymers or
honeycomb.
Purpose
This study was initialized with the intention of investigating the use of selectively laser melted lattice
structures for use as lightweight structural armor on satellites, soldiers, and vehicles. Before lattice
structures are tested for their ballistic resistance however, the mechanical properties and failure modes
of primitive lattice unit cells must be understood. Therefore the purpose of this study is to determine
and analyze the mesoscopic properties of the body centered cubic lattice structure. The meso-strucure
determines the mechanical properties of the macrostructure. By understanding the mesoscopic level
mechanical properties, the macroscopic mechanical properties of lattice structures can be further
understood and optimized.
Selective Laser Melting
Selective laser melting is an additive manufacturing process which allows for the construction of
extremely intricate geometry which is impossible by standard manufacturing processes. A typical
selective laser melting process is shown in figure 1. Also known as SLM, the process uses a highperformance fiber laser to sequentially melt and rapidly cool layers of powdered metal together to form
a 3D shape. Resolution of selective laser melting is approaching the micrometer scale. (Rashed et al.,
2016) Because of its excellent resolution, and capability to manufacture trapped features, SLM can
produce fine metallic lattice structures with struts approximately 150µm in diameter. (Tsopanos et al.,
2010) Despite the incredible capabilities of the SLM process, several significant drawbacks must be
considered. High cost associated with powdered metals, long build times, limited part sizes, and high
part defect content are the four main drawbacks. A typical SLM system is shown in figure 1.
2

Figure 1: Typical Selective Laser Melting System (Tsopanos et al., 2010)

3 main defects commonly occur during SLM manufacturing. Non-melted metal particles bonded to
surfaces reduce the surface finish quality, this can be improved with light sand blasting or heat
treatment. Internal residual stresses resulting from uneven heating can cause cracks in the final part,
this can be improved with heat treatment and temperature control during the build. Porosity is the
result of the process itself, and can be improved with proper build parameters, but cannot be avoided
all together. Another notable limitation of the SLM process is the inability to create horizontal struts. 25
degrees from the horizontal is typically considered limit of manufacturability. (Tsopanos et al., 2010)
Tsopanos (Tsopanos et al., 2010) discusses the effects of processing parameters on stainless steel SLM
parts. Laser power and laser exposure time are the 2 main parameters that control the resultant
mechanical properties of a SLM part. Layer thickness and energy distribution are the 2 secondary
parameters. Each parameter needs to be carefully selected in order to properly build a part. Tsopanos
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observed that low laser power allowed for the inclusion of non-melted metal particles within samples
and resulted in low strength parts. High laser power resulted in nearly full density of the samples and
much higher strength. The higher laser power resulted in samples that approached the bulk properties
of the stainless steel.
Thesis Organization
Chapter 2 introduces the concept of ideal energy absorbing materials and discusses materials which can
provide such mechanical properties. Chapter 3 discusses the experimental procedures useful in the
study of lattice structures and outlines the preparation and parameters for of a series of compression
tests performed for this study. Chapter 4 covers the results of the compression tests and discusses the
failure modes observed. Chapter 5 covers the development of a predictive numerical model for the
properties of the structures tested. Chapter 6 summarizes the main findings of this study and
recommends a course for future study.

4

CHAPTER 2: CELLULAR MATERIALS AND LATTICE STRUCTURES
Ideal energy absorbers
Ideal energy absorbing materials are used in applications where impact loading and/ or deceleration of
an object cannot exceed a specified value. The stress strain curve of these materials is rectilinear, as can
be seen in figure 2 below. Upon impact loading the stress within an ideal energy absorber is immediately
at the maximum and stays constant until the impulse ceases or the material densifies. This stress is
commonly referred to as a plateau stress 𝜎𝑝𝑙 , which results in constant deceleration of the impactor.
The area under the stress strain curve is the amount of energy absorbed during deformation of the
material, thus the rectilinear curve as seen in figure 2 maximizes the energy absorbed. Throughout this
study, the stress strain curves of the materials tested will be discussed in comparison to ideal energy
absorbers.

Figure 2: Typical ideal energy absorber stress strain curve (Evans et al., 2010)

Only some materials and structures exhibit this type of behavior. The most common ideal energy
absorbing materials are cellular materials, which are discussed in detail in the next section.
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Cellular materials
Cellular materials commonly exhibit ideal energy absorbing properties and are therefore widely used in
applications requiring impact protection.
A cellular material is composed of many repeating unit cells and are separated into two classifications,
stochastic foams and periodic porous structures. (Fleck, Deshpande, & Ashby, 2010)
Stochastic foams are characterized by unit cells where the specific topology cannot be precisely
controlled and results in a randomized, heterogenous structure. Periodic porous structures are classified
by the ability to control the design of the unit cell and have a precisely controlled homogenous
structure. Cellular materials typically provide low weight, high specific stiffness, and excellent energy
absorbing properties. (Wadley et al., 2013)
Lattice structures fall within the category of periodic porous structures.
Mechanical properties of cellular materials
The mechanical properties of stochastic foam structures are bending dominated while many lattice
structures are stretching dominated. Stretching dominated structures are typically mechanically
superior. (Fleck et al., 2010)
Baumeister discusses energy absorption of stochastic aluminum foams. Baumeister states that,
“Compared to foamed organic materials, metallic foams are more advantageous if, due to a
small available design space, a higher deformation stress with the same or uprated energy
absorption is requested.” (Baumeister, Banhart, & Weber, 1997)
The mechanical properties of aluminum foams is dependent on the mechanical properties of the base
material or matrix, the density, the unit cell size, and the unit cell shape. By controlling these
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parameters, aluminum foams can be optimized for specific applications. The ability to control the stress
and resultant acceleration of an impacting body such that no damages occur to the protected object is
feasible via the ideal plastic deformation provided by aluminum foams.
Lattice structures
Similar to aluminum foams, the ability to control the resultant deceleration of an impacting body is also
feasible via selectively laser melted lattice structures. These structures offer complete control over the
properties of the cellular material. Using software such as nTopology®, the topology of the unit cells of a
lattice structure can be precisely controlled. By modifying the topology, the stiffness, strength, density,
energy absorption, and failure modes can all be modified and optimized to meet requirements
demanded by a specific application. This optimization potential is what makes lattice structures
attractive for applications requiring highly specific material properties. An example of a typical lattice
structure can be seen in figure 3 below.

Figure 3: Two different typical lattice structure geometries built using selective laser melting
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Lattice structures can potentially act as ideal energy absorbers with proper topology design. Many
lattice structures exhibit a stable collapse mechanism, caused by the progressive failure of unit cells. The
unit cell topology determines the collapse mechanism of the macrostructure, thus unit cells with vertical
members such as the face centered cubic-Z (FCC-Z) have complex collapse mechanisms where buckling
dominates the failure. (Xiong et al., 2015) Even more complex is the addition of hollow vertical
members, where thin walled buckling of the tubes dominates the failure. (Evans et al., 2010)
Bonatti investigates four different meso-structures: solid octet truss, hollow sphere assembly, hollow
octet truss, hybrid truss sphere. (Bonatti & Mohr, 2017) Bonatti performed finite element analysis using
Abaqus®/Explicit solver to estimate small strain elastic modulus, large strain response, as well as
determine specific energy absorption. In order to verify numerical models, experiments were performed
on selectively laser melted 316 stainless steel lattice. The numerical models correlated well to the
experiments, with the simulated response demonstrating higher stresses than experimental results.
Bonatti concluded that the solid octet truss lattice has a 35% lower specific energy absorption than the
hybrid truss sphere. The hollow dodecahedron shell mesostructure was computationally measured to
have higher energy absorption capability than the other structures considered.
Deshpande (Deshpande et al., 2001) investigates the properties of the octet-truss unit cell. A FE model
was compared against analytical calculations, where each cylindrical strut was modelled using
Timoshenko beam elements (B32) in Abaqus®/Explicit Solver. Experiments were conducted on casted
aluminum alloy and showed good correlation with numerical predictions, however experimental results
showed lower strength than predicted. The strength and stiffness of the octet truss lattice structure can
be compared to that of aluminum foams. It is worth noting that Deshpande was the first to focus
specifically on the mechanical properties of the octet truss lattice unit cell, and his work was prior to the
widespread use of selective laser melting technology.
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Dong (Dong, Deshpande, & Wadley, 2015) investigated the mechanical properties of a snap-fit Ti-6Al-4V
octet truss lattice constructed from water jet cut 2D pieces. Lower density lattices of this construction
failed in compression via plastic buckling while higher density lattices failed via inelastic buckling. Dong
expands on Deshpande's work and uses the assumptions and models previously found. (Deshpande et
al., 2001)
Harris (Harris, Winter, & McShane, 2017) used maraging steel Hopkinson bars to experimentally
investigate the dynamic properties of selectively laser melted stainless steel square honeycomb, hybrid
truss walled square honeycomb, and hybrid fine truss walled square honeycomb. A gas gun apparatus
was used and specimens were tested with a cylindrical 100g steel projectile at velocities of 50, 100, and
150 m/s. Square honeycomb outperformed the lattice walled specimens in both energy absorption
capacity and energy absorption efficiency, with the exception of truss walled square honeycomb at
100m/s, which demonstrated a higher energy absorption efficiency. The fine truss walled honeycomb is
hypothesized to have underperformed due to defects. It had features which approached the size of the
laser spot, and thus approached the manufacturing process limitations.
Maskery (Maskery et al., 2016) introduces the concept of density graded lattice structures and performs
quasi-static load testing to determine their mechanical properties. The benefits of heat treatment of
selectively laser melted structures is confirmed by a higher failure strain in dog bone specimens, as well
as by lattice structures which were able to retain strength after a partial collapse. Density graded body
centered cubic lattice exhibited more stable collapse mechanism than uniform density, the 45 degree
shear band which occurs in uniform density body centered cubic structures in compression did not
appear, allowing for layer by layer collapse.
Xiao focuses on uniform, and density graded open cell rhombic dodecahedron lattice structures
manufactured by electron beam melting (Xiao et al., 2016), and selectively laser melted Ti-6Al-4V. (Xiao
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& Song, 2017) He performs static and dynamic testing on samples to determine their mechanical
properties. He determined that density graded structures have higher specific energy absorption and
higher specific strength than uniform density. DIC analysis reveals that the strain during impact is
uniformly distributed and that the strain rate sensitivity is not associated with a shock wave. Xiao thus
concluded that the strain rate sensitivity of the lattice structure was dominated by the properties of the
base material.
Vrana (Vrana, Koutny, & Palousek, 2016) tested the impact resistance of selectively laser melted lattice
structures with several different unit cells. The mesostructures tested were BCC, BCC-Z, FCC, FBCC,
FBCC-Z, Gyroid.
Rashed (Rashed et al., 2016) summarizes previous works into a usable guide for the mechanical
properties of metallic lattice structures, and discusses applications, topology, experiments, simulations,
and materials.
Gümrük (Gümrük, Mines, & Karadeniz, 2013) performed quasi-static compression testing on BCC, BCCZ,
and F2BCC selectively laser melted stainless steel lattice. One test was an unconstrained compression
test using the flat platens of an Instron® machine, another was constrained, and the last was for pure
shear using an Arcan rig. Findings include that the BCCZ lattice outperformed the others for compression
and was unaffected by boundary constraints. The BCC lattice was heavily influenced by boundary
constraints.
A significant challenge in the study of lattice structures is defining a nomenclature which effectively
describes the mesostructure as well as the macrostructure. Tsopanos (Tsopanos et al., 2010) suggests a
nomenclature for SLM manufactured lattice structures as follows:
architecture/parent material/laser power(W)/exposure time(s)/strut diameter(m)/cell size (mm)/unit
cell
10

In this study, the various specimens can be identified by the nomenclature suggested by Tsopanos as
follows:
Body Centered Cubic/ 316L SS / 100 - 400W Depending on Contour / 185 – 800 mm/s Depending on
Contour / Strut Diameter = 0.2mm / Cell Size = 5𝑚𝑚3 / Node Radius = 0% - 25%
Due to the lengthy nature of this nomenclature system, it will not be used in this study.
Perhaps the most in depth guide for lattice nomenclature is provided by Frank Zok (Frank W. Zok, Ryan
M. Latture, 2011), who develops an entire language allowing for the complete description of a lattice
structure in a standardized numerical format.
Per Zok’s nomenclature, the specimens in this study can be identified. The 45 degree non-radiused
lattice specimens can be identified as {3𝐵𝐶𝐶}3 , while the 55 degree non-radiused lattice specimens can
be identified as {3𝐵𝐶𝐶}3 , 〈0.862, 0.862, 1.232〉. This indicates that the lattice has 3 layers extending in 3
directions. The numbers following the 55 degree lattice specification indicate the stretch ratio in each of
the 3 dimensions of X, Y, and Z respectively. This nomenclature system does not currently account for
variations in the design of the nodal connections, and thus cannot accurately describe a node radius.
Furthermore, Zok’s nomenclature does not account for strut cross section. In this study, Zok’s
nomenclature system will be used with the addition of an operator for node radius, specified by ‖𝑟‖,
where r denotes a node radius defined by a radius representing a % of the unit cell. For example, a 25%
node radius of a 10𝑚𝑚3 unit cell will be 2.5mm. Multiplying the unit cell dimension by a percentage
gives the radius dimension. In this study, all strut diameters are 0.5mm.
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For example, {3𝐵𝐶𝐶}3 , ‖25‖ indicates a body centered cubic unit cell, 3 layers across in 3 dimensions,
with a 25% node radius. Per Zok’s definition,
Here the superscript (3) on { }.. . indicates the number of directions in which the trusses are tiled
in space and the numerical value within the { }.. . brackets indicates the number of unit cells in
each direction. (Frank W. Zok, Ryan M. Latture, 2011, p. 188)
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CHAPTER 3 EXPERIMENTAL PROCEDURES
Preparation of Specimens
Modeling
Specimens were modeled within a 5mm cubic unit cell, connecting each corner with a circular cross
section strut of diameter 0.5mm. Node radius was defined in five increments representing percentages
of the unit cell. For example, a node radius of 12.5% represents a fillet of 0.625mm within a 5mm cubic
cell. Strut angles were defined as projected angles from the horizontal plane. The 55 degree specimens
were modelled to maintain the same strut length as the 45 degree specimens. All specimens were
modelled with a skin on both top and bottom to constrain the unit cell. 45 degree specimens were built
with a 2.5mm skin top and bottom. 55 degree specimens were built with 1mm skin on top and 2.5mm
skin on bottom. Examples of the modeled specimens can be seen in figure 4.

(a)

(b)

(c)

Figure 4: (a) Unconstrained BCC Unit Cell, (b) Constrained Unit Cell, (c) Constrained Lattice
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Specimen Fabrication
All specimens were manufactured using an SLM machine from SLM Solutions, model 125. The machine
utilizes a singular 400W Yb fiber laser with a minimum beam focus diameter of 60 µm. The machine
builds with a layer thickness ranging from 20 µm - 75 µm.
The detailed parameters used to build the test specimens can be seen in Appendix C.
The specimens were removed from the build plate with a band saw, and then support material was
ground flat using a series of abrasive operations. Removing support material from such small parts was a
significant challenge. To effectively hold the small specimens during grinding operations, a grooved
aluminum fixture was machined to hold the parts on three sides via a 5mm deep by 5mm wide groove
as seen in figure 5. This fixture allowed for the skins above and below the unit cell to be ground flat for
compression testing. There exists scope for an improved method of support material removal beyond
the extremely costly current option of wire electrical discharge machining.

Figure 5: Grooved aluminum fixture for support removal on 5mm unit cells
14

Inspection of Specimens
Specimens were measured using 0.01mm precision calipers of the overall specimen height, lattice
height, lattice width, and lattice length. Locations of measurements can be seen in figure 6. Lattice
length was measured in the direction of the scan, while lattice width was measured perpendicular to the
scan. Lattice length (L) and width (W) were defined as the dimensions at the top of the lattice. Lattice
height (H) was measured from the top of the bottom skin to the bottom of the top skin as close as
possible to the lattice legs. These measurements can be found in Table 1 and Appendix C.

L

W

H

Figure 6: Arrows indicating the location of measurements taken with precision calipers, with scan
direction indicated on the top skin

All unit cell specimens were inspected on a MicroVu macroscope at 25X and 100X magnification. Profiles
of these specimens were compared to the nominal geometry as seen in figure 7 and Appendix A. It is of
interest to determine the average dimensional deviation from the nominal dimensions in order to
develop a guideline to compensate for shrinkage and droop on unsupported geometry. Percent
deviations from nominal values were determined for each of the 6 unit cell topologies and averaged as
15

can be found in Table 1. These values only apply when the UpSkin parameter is enabled, and the
manufacturing parameters listed in Appendix C are adhered to. In a preliminary test, it was found that
specimens fabricated without this parameter enabled displayed extremely poor morphological and
mechanical properties. The Upskin parameter is discussed in the next section.

Figure 7: Nominal Overlay on {1𝐵𝐶𝐶}1 , ‖25‖ displaying droop above and below the node

Deviation percentages were calculated by dividing the measured geometry by the nominal geometry
and converting to a percent difference.
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Table 1: Unit Cell Specimen Measurements and Dimensional Deviations
Specimen ID #

Lattice
Height

Lattice
Width

Lattice
Length

{1𝐵𝐶𝐶}1
{1𝐵𝐶𝐶}1
{1𝐵𝐶𝐶}1 , ‖6.25‖
{1𝐵𝐶𝐶}1 , ‖6.25‖
{1𝐵𝐶𝐶}1 , ‖6.25‖
{1𝐵𝐶𝐶}1 , ‖12.5‖
{1𝐵𝐶𝐶}1 , ‖12.5‖
{1𝐵𝐶𝐶}1 , ‖12.5‖
{1𝐵𝐶𝐶}1 , ‖18.75‖
{1𝐵𝐶𝐶}1 , ‖18.75‖
{1𝐵𝐶𝐶}1 , ‖18.75‖
{1𝐵𝐶𝐶}1 , ‖25‖
{1𝐵𝐶𝐶}1 , ‖25‖
{1𝐵𝐶𝐶}1 , ‖25‖
{1𝐵𝐶𝐶}1 , 〈0.862, 0.862, 1.232〉
{1𝐵𝐶𝐶}1 , 〈0.862, 0.862, 1.232〉
{1𝐵𝐶𝐶}1 , 〈0.862, 0.862, 1.232〉
{1𝐵𝐶𝐶}1 , 〈0.862, 0.862, 1.232〉
{1𝐵𝐶𝐶}1 , 〈0.862, 0.862, 1.232〉

4.6
4.5
4.51
4.54
4.62
4.62
4.69
4.62
4.61
4.69
4.64
4.6
4.68
4.64
5.5
5.63
5.57
5.61
5.66

4.8
4.66
4.82
4.87
4.83
4.89
4.86
4.86
4.89
4.85
4.9
4.89
4.89
4.88
3.98
3.78
3.86
3.78
3.9

4.71
4.72
4.63
4.58
4.54
4.8
4.79
4.72
4.83
4.8
4.88
4.81
4.85
4.83
3.9
4.01
4.06
4.1
4.07

(-) MEAN DIMENSIONAL DEVIATION %
STANDARD DEVIATION

%
Deviation
Height
8.00%
10.00%
9.80%
9.20%
7.60%
7.60%
6.20%
7.60%
7.80%
6.20%
7.20%
8.00%
6.40%
7.20%
10.57%
8.46%
9.43%
8.78%
7.97%

%
Deviation
Width
4.00%
6.80%
3.60%
2.60%
3.40%
2.20%
2.80%
2.80%
2.20%
3.00%
2.00%
2.20%
2.20%
2.40%
7.66%
12.30%
10.44%
12.30%
9.51%

%
Deviation
Length
5.80%
5.60%
7.40%
8.40%
9.20%
4.00%
4.20%
5.60%
3.40%
4.00%
2.40%
3.80%
3.00%
3.40%
9.51%
6.96%
5.80%
4.87%
5.57%

8.11%
1.26%

5.42%
3.64%

4.97%
2.08%

Average droop on the unsupported bottom side and top side of the unit cell nodes was measured using
the nominal overlay and can be seen in Table 2.
The {1𝐵𝐶𝐶}1 , ‖25‖ specimens exhibited the most droop on the top of the node with an average of
0.098mm, the {1𝐵𝐶𝐶}1 specimens exhibited the most droop on the bottom of the node with an average
of 0.69mm.
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Table 2: Node droop in Upskin “On” specimens
Node Radius %
0
6.25
12.5
18.75
25

Bottom of Node Droop from Nominal (mm)
Specimen 1
Specimen 2
Specimen 3
0.72
0.66
0.67
0.61
0.67
0.67
0.62
0.62
0.52
0.46
0.74
0.47
0.72
0.577

OVERALL AVG BOTTOM
(mm)
STDDEV BOTTOM (mm)

Node Radius %
0
6.25
12.5
18.75
25
OVERALL AVG TOP (mm)
STDDEV TOP (mm)

AVG.
0.69
0.65
0.636667
0.573333
0.589

0.623
0.089
Top of Node Droop from Nominal (mm)
Specimen 1
Specimen 2
Specimen 3
0.059
0.03
0.02
0.072
0.023
0.07
0.08
0.07
0.04
0.094
0.054
0.12
0.1
0.074

AVG.
0.0445
0.038333
0.073333
0.062667
0.098

0.0647
0.0295

Node droop is an important factor to consider when building and modelling unsupported lattice
structures. The droop can be attributed to non-melted powders sticking to the melt pool above it, as
well as the effect of gravity on the melt pool during fabrication. Another key factor which causes droop
is the layered nature of the manufacturing process itself. In figure 8 below, the excess material is shown
to appear above the nominal line, however in the specimens fabricated for this study, the excess
material appears below the nominal line. (Yan, Hao, Hussein, Young, & Raymont, 2014)

18

Figure 8 : Illustration of the layered melt process of SLM manufacturing (Yan et al., 2014)
Discussion of Up Skin Parameter, Heat Tint Oxides, Surface Defects
Several specimen sets were fabricated for this study, however only specimens which were fabricated
with the Up Skin parameter switched “ON” are thoroughly studied for their mechanical properties. As
described in the SLM user manual,
Area on a layer, above which there is no area to be exposed, is termed as Up Skin. To determine
whether there is an Up Skin area present in a slice, the current slice is compared with one slice
above. The offset value sets a border offset on the current slice to calculate the area difference
between the current slice and the slice above. If the value is positive it indicates that there is an
upside surface. Then the next volume area is changed into an In Skin area. (Materialise NV, n.d.,
p.125)
The Up Skin parameter enables the machine to make an additional laser pass over the part without
adding additional material or moving the build platform.
Preliminary inspection of parts with Up Skin “OFF” indicated poor morphological properties as can be
seen in figure 9 and Appendix B. Parts printed with Up Skin “OFF” consistently displayed geometry which
did not conform to the nominal geometry. Due to the poor fabrication quality, these specimens were
not tested in depth for their mechanical properties, and only inspected via macroscope.
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Figure 9: Poor morphological properties of {1𝐵𝐶𝐶}1 , ‖25‖ Upskin "OFF" specimen
Preliminary compression tests on parts with Upskin “OFF” displayed an ultimate stress 46% lower than
parts with Upskin “ON”. The difference in compressive strength is clearly displayed in the compressive
stress strain curve shown in figure 10, which displays the compressive response of one specimen each of
the {3𝐵𝐶𝐶}3 geometry. Further detail on the compressive response of Upskin “OFF” specimens will be
discussed in Chapter 4.
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= (3𝐵𝐶𝐶)3 Upskin On
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Figure 10: {3𝐵𝐶𝐶}3 Compressive Response Upskin "ON" and Upskin "OFF"

An interesting phenomenon observed in the Up Skin “ON” specimens is the presence of a heat tint on
the upward facing surfaces. Brightly colored surfaces ranging from yellow to blue can be seen in figure
11. The temperatures associated with each heat tint color for 316L stainless steel is shown in table 3.
The variety of colors on the surfaces of the unit cells from specimen set 1 indicates the presence of
oxygen while the specimens were at an elevated temperature. From these colors, we can observe a
dramatic heat gradient on the SLM build plate from the edges to the center. The top surfaces of the
outermost edge unit cells are pale yellow, indicating a temperature of about 290 degress C. The top
surfaces of the innermost unit cells are dark purple and blue, indicating a temperature of about 500
degrees C. Heat treatment of stainless steel significantly affects the mechanical properties, and heat
tints indicate an unintentional heat treatment. A hypothesis that the heat tint only applies to the last
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layer melted was assumed, therefore for the purposes of this study, the effects of the build plate heat
gradient is not considered.
Table 3: Heat tint colors and temperatures for Stainless Steel (www.bssa.com, 2017)
Temperature

290C

340C

370C

390C

420C

450C

540C

600C

Color

Pale

Straw

Dark

Brown

Purple

Dark

Blue

Dark

yellow

yellow

yellow

brown

purple

blue

Figure 11: Heat tint colors on top surfaces of unit cell specimens

There exists scope for a study on the formation of these heat tints, and whether they indicate an
unintentional heat treatment applied to the entire structure, or just the top layer of the specimens.
Furthermore, these parts are the only parts to be built on this specific machine which have displayed
these dramatic colors. A hypothesis for this phenomenon is that the low thermal conductivity of the
structures below the top skin significantly affected the cooling rate of the top skin. This combined with
trace amounts of oxygen in the build chamber during cooling resulted in the observed colors.
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The surface defects of the manufactured lattices can be observed in figure 12. The Up Skin parameter
was turned on for specimen set 1 and turned off for specimen set 2 in order to allow for a comparison of
surface defects. Using scaled images from the MicroVu® macroscope, a 250 pixel^2 area was compared
via the ImageJ® optical analysis software on a {1𝐵𝐶𝐶}1 , ‖25‖ specimen on both the vertical wall of the
bottom skin, as well as the vertical wall of the unit cell node. These comparisons can be found in figures
14 through 16. The results of the analysis can be found in tables 4, 5, 6, and 7. The software compares
contrasting areas of the image and can count the number of instances where the contrast exceeds a
certain threshold. In the case of determining relative surface finish of the specimens, different
parameters are used for the vertical walls of the skin, and the vertical wall of the unit cell node. On the
vertical wall of the bottom skin, dark areas indicate either a shadow behind a non-melted particle or
pitting where a non-melted particle is embedded. On the unit cell node, bright areas indicate the
presence of a non-melted particle bonded to the surface or a melt pool. On the 273X magnified images
in figure 12, the non-melted particles are clearly visible.

Figure 12: 273X magnified images showing non-melted particles on surfaces
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The images of the skin wall were cropped to a 250 by 250 pixel square, set to 16bit grayscale, with a
threshold of 53%, no dark background, and a minimum particle size of 4 pixel^2.

Figure 13: Cropped and processed area for defect count
Table 4: Defect analysis for Upskin "ON" bottom skin
Count

Total Area
54

33238

Average Size
%Area
615.519

53.181

Figure 14: Non-melted particles on bottom skin of Upskin "OFF" specimen (left), Cropped and processed
area for defect count (right)
Table 5: Defect analysis for Upskin "OFF" bottom skin
Count

Total Area
42

Average Size
%Area
33142
789.095
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53.027

The images of the unit cell node were cropped to a 250 by 250 pixel square, set to 16bit grayscale, with
a threshold of 30%, with a dark background, and a minimum particle size of 4 pixel^2.

Figure 15: Non-melted particles on unit cell node of Upskin "ON" specimen (left), Cropped and
processed area for defect coun (right)
Table 6: Defect analysis for Upskin "ON" node
Count

Total Area
421

18573

Average Size
%Area
44.116

29.717

Figure 16: Non-melted particles on unit cell node of Upskin "OFF" specimen (left), Cropped and
processed area for defect count (right)
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Table 7: Defect analysis for Upskin "OFF" node
Count

Total Area
284

18765

Average Size
%Area
66.074

30.024

For both the vertical wall of the bottom skin and the vertical wall of the unit cell node, the Upskin “OFF”
specimen contained less surface defects by number, but an equivalent % area and a greater average
defect size. This indicates that the defects on the surface of the Uskin “OFF” specimens are larger and
more localized and could significantly effect the mechanical properties of the structure, while the
relatively homogenous spread of defects on the Upskin “ON” specimens has a lesser effect due to their
small size.
At this magnification level of 100X, it is also readily visible that the Upskin “OFF” specimen has several
defects on the sides of the node in the form of clumped, non-melted particles. The Upskin “OFF”
specimens were observed to have a less cohesive and more inconsistent surface than the Upskin “ON”
specimens.
Mechanical Testing in Literature
Quasi-Static
The quasi-static properties of lattice structures has been widely studied and tested. For nearly every
study, a quasi-static test is performed to determine the lattice structure's static stress strain curve. Of all
the unit cell topologies, the body centered cubic has been most studied. Gümrük, Li, Maskery, Tsopanos,
and Smith all performed quasi-static compression testing on BCC structures and some BCC based unit
cells: BCCZ, F2BCC, density graded BCC. (Gümrük et al., 2013; Li, 2016; Maskery et al., 2016; Smith et al.,
2011; Tsopanos et al., 2010) Quasi-static compression tests on cubic, diamond cubic, and re-entrant
cube were performed by Ozdemir (Ozdemir et al., 2015) in a preliminary study. Tancogne-Dejean
(Tancogne-Dejean, Spierings, & Mohr, 2016) tested the static compressive behaviors of the octet truss,
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Yan (Yan et al., 2015; Yan, Hao, Hussein, & Raymont, 2012) tested the static compressive response of
the gyroid unit cell, and Xiao (Xiao et al., 2016; Xiao & Song, 2017) tested both uniform density and
density graded rhombic decahedron unit cells.
From literature, compressive crosshead displacement rates ranged from 0.5mm/min to 0.05mm/min for
quasi-static compression testing.
Mechanical Characterization
Mechanical characterization was performed via quasi-static compression testing to densification at
0.2mm/min for all specimens. All tests were performed on an Instron® universal test machine with a
50kN load cell with flat platens. Tests were started without preload. The resulting data output was force
and displacement, which was used to calculate the meso-structure level stress. Due to its nature as a
cellular material, the unit cells and lattice specimens were treated as space filling solids. Thus the cross
sectional area was defined as the measured lattice width multiplied by the measured lattice length. If a
lattice was measured to have an equal length and width of 5mm, the cross sectional area would be
25𝑚𝑚2 . Strain was calculated by taking the ratio of compressive displacement to the measured lattice
height. Images were recorded at regular intervals throughout the tests and correlated with specific
values of strain. This combination of images and stress strain data allows for a comprehensive
understanding of the failure mode of the BCC unit cell in compression. Due to the nature of the
fabrication and support removal process, it was impossible to measure an accurate mass of each
individual structure without the skins. Therefore the mass was measured from the CAD model. While
this measurement does not represent the actual mass of the structure, it allows for the development of
an approximate relative density, specific energy absorption, specific stiffness, and a predictive numerical
model for modulus and ultimate stress of the tested structures.
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CHAPTER 4 EXPERIMENTAL RESULTS AND DISCUSSION
Mechanical Characterization of Unit Cells in Compression
All of the unit cell specimens produced a two peaked stress strain curve with the exception of the
{1𝐵𝐶𝐶}1 , ‖25‖ specimens, which produced a curve that demonstrated nearly ideal plastic deformation.
The compressive stress – strain curves are displayed in figure 17 for all unit cell specimens tested. For
the 0% radius unit cells, 2 specimens were tested. For the 6.25% through 25% radius unit cells, 3
specimens were tested. For the 55 degree, 0% radius unit cells, 5 specimens were tested.
It is interesting to note that the bottom half of the unit cell always fails first. This observation is
hypothesized to be attributed to slight dimensional disparities between the top of the unit cell and the
bottom. Furthermore, the corners of the unsupported overhanging top skin welded to the top struts,
further increasing their strength. Ideally, both peaks in the stress strain curve would reach the same
value, and neither would necessarily fail prior to the other. Given ideal geometry, the yield location
would randomly switch between the top struts of the unit cell and the bottom struts.
The collapse behavior which produces these two peaked stress strain curves can be clearly seen in figure
25, which displays the 55 degree unit cell at various values of strain. The presence of plastic bending can
be clearly seen in the microstrut in figure 21.
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= (1𝐵𝐶𝐶)1 , 25
= (1𝐵𝐶𝐶)1 , 0, 6.25, 12.5, 18.75
= (1𝐵𝐶𝐶)1 , 0.862, 0.862, 1.232
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Figure 17: Compressive response of BCC unit cells. {1𝐵𝐶𝐶}1 , ‖25‖ , {1𝐵𝐶𝐶}1 , ‖0, 6.25, 12.5, 18.75‖,
{3𝐵𝐶𝐶}3 , 〈0.862, 0.862, 1.232〉

In figure 17, the unit cells with radius 0% to 18.75% were grouped together (non dashed blue lines) due
to their minor differences in mechanical response. These can be seen as the non-dashed blue lines
above. Various calculated values from the data which is represented in figure 17 can be found in Table 8
below.
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Table 8: Unit cell compressive summary
Initial
Ultimate
Stress(Mpa)

Final
Ultimate
Stress
(Mpa)

{1𝐵𝐶𝐶}1

9.08

1

Structure ID
{1𝐵𝐶𝐶}

Densification
Strain

Energy
Absorbed up
to
Densification(J)

Energy
Density
(J/mm^3)

Modulus
of
Elasticity
(Mpa)

12.28

0.53

0.48

0.00465

259.40

9.59

12.82

0.56

0.54

0.00545

309.78

{1𝐵𝐶𝐶}1

, ‖6.25‖

10.47

12.81

0.53

0.53

0.00531

352.63

{1𝐵𝐶𝐶}1

, ‖6.25‖

10.04

12.26

0.55

0.52

0.00512

321.17

{1𝐵𝐶𝐶}1 , ‖6.25‖

10.01

12.69

0.53

0.53

0.00520

271.51

{1𝐵𝐶𝐶}1

, ‖12.5‖

10.12

12.06

0.45

0.52

0.00520

273.17

{1𝐵𝐶𝐶}1

, ‖12.5‖

10.32

12.00

0.49

0.52

0.00476

359.78

{1𝐵𝐶𝐶}1

, ‖12.5‖

10.59

12.37

0.48

0.51

0.00484

368.24

{1𝐵𝐶𝐶}1

, ‖18.75‖

10.03

11.59

0.47

0.50

0.00458

339.48

{1𝐵𝐶𝐶}1

, ‖18.75‖

10.23

11.80

0.48

0.50

0.00461

330.94

{1𝐵𝐶𝐶}1

, ‖18.75‖

9.83

10.75

0.48

0.50

0.00447

369.09

1

12.39

15.52

0.41

0.64

0.00592

341.74

1

{1𝐵𝐶𝐶} , ‖25‖

11.70

16.93

0.4

0.60

0.00543

440.85

{1𝐵𝐶𝐶}1 , ‖25‖

11.75

15.04

0.43

0.63

0.00577

544.77

{1𝐵𝐶𝐶} , ‖25‖

{1𝐵𝐶𝐶}1

, 〈0.862, 0.862, 1.232〉

6.635

10.736

0.700

0.304

0.00356

551.46

{1𝐵𝐶𝐶}1

, 〈0.862, 0.862, 1.232〉

7.135

11.021

0.660

0.310

0.00363

567.53

{1𝐵𝐶𝐶}1

, 〈0.862, 0.862, 1.232〉

6.808

10.220

0.640

0.289

0.00331

814.67

{1𝐵𝐶𝐶}1

, 〈0.862, 0.862, 1.232〉

6.815

10.268

0.650

0.323

0.00372

734.86

{1𝐵𝐶𝐶}1

, 〈0.862, 0.862, 1.232〉

7.000

9.905

0.620

0.334

0.00371

694.23

Initial
Ultimate
Stress(Mpa)

Final Ultimate
Stress (Mpa)

Densification
Strain

Energy Absorbed up
to Densification(J)

Energy
Density
(J/mm^3)

Specfic Energy
Absporption (J/g)

9.08

12.28

0.53

0.48

8.055

0.00465

9.59

12.82

0.56

0.54

8.537

0.00545

10.47

12.81

0.53

0.53

8.272

0.00531

10.04

12.26

0.55

0.52

8.209

0.00512

10.01

12.69

0.53

0.53

8.209

0.00520

10.12

12.06

0.45

0.52

7.595

0.00520

10.32

12.00

0.49

0.52

7.633

0.00476

10.59

12.37

0.48

0.51

7.376

0.00484

10.03

11.59

0.47

0.50

6.112

0.00458

10.23

11.80

0.48

0.50

6.195

0.00461
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9.83

10.75

0.48

0.50

6.206

0.00447

12.39

15.52

0.41

0.64

6.448

0.00592

11.70

16.93

0.4

0.60

6.228

0.00543

11.75

15.04

0.43

0.63

6.415

0.00577

6.635

10.736

0.700

0.304

4.237

0.00356

7.135

11.021

0.660

0.310

4.315

0.00363

6.808

10.220

0.640

0.289

4.121

0.00331

6.815

10.268

0.650

0.323

4.587

0.00372

7.000

9.905

0.620

0.334

4.893

0.00371

To determine the densification strain, the value of strain was recorded at the inflection point of the
second valley on the stress strain curve, as seen labeled as (a) in figure 17. The energy absorbed up to
densification was calculated by subtracting each data point of strain from the previous data point and
multiplying it by the stress, then adding all of those values together. This closely approximates the
integral of the curve and finds the area beneath it. The energy density is calculated by dividing the
energy absorbed up to densification by the measured volume of the specimen. The modulus of elasticity
was calculated by determining the slope of a line between two points within the linear region of the
stress strain curve.
While the peak values may differ, all unit cells displayed the same failure mode. No unstable buckling
modes were observed, only the stable bending dominated mode. Images of all unit cells at increasing
values of strain correlated with stress-strain curves can be found in Appendix B.
The first peak was recorded and identified as “Initial ultimate compressive stress” while the second peak
was identified as “secondary ultimate compressive stress”. The unit cell values of these ultimate stresses
can be seen in figure 18. The compressive modulus of elasticity was also measured for the first peak and
can be seen in figure 19.
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Figure 18: BCC unit cell initial and secondary ultimate compressive stress comparison
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Figure 19: BCC unit cell compressive modulus of elasticity (MPa)
From the comparisons seen in figure 18 and 19, it is clear that increasing the node radius does not have
a significant effect on the ultimate stress until a node radius of 25% is reached. Increasing the angle of
the struts decreases the ultimate stress but significantly increases the modulus of elasticity. Increasing
the node radius increases the modulus of elasticity.
Effect of Node Radius
The effect of the node radius on the unit cell is not significant until a radius of 25% of the unit cell is
reached. For radii of 0% to 18.75%, very minor differences were observed, with maximum strengths
approximately the same for all 4 lattices below 25% radii. The failure of these unit cell specimens is
dominated by plastic hinges located within the microstrut. This can be seen below in figure 20 on the
bottom legs of the lattice structure.

Figure 20: Plastic hinge locations on collapsed 45 degree BCC unit cells ranging from 0% radius (far left)
to 25% radius (far right)
Gumruk (Gümrük et al., 2013) comments on this phenomenon and states that the peaks and valleys on
the stress strain curve of the BCC lattice can be attributed to plastic buckling of the microstrut. This
failure mode produces a “wavy” stress strain curve where each peak and valley is associated with a layer
of a unit cell collapsing.
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Figure 21: {1𝐵𝐶𝐶}1 at increasing values of strain
Figure 21 depicts the 0% radius unit cell at increasing values of strain. The plastic deformation and
plastic hinges which occur in within the micro-struts are clearly visible. Figure 22 depicts the stress strain
curves of the 2 specimens tested with 0% radius. This is the same data as table 8 and figure 17.
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Figure 22: Compressive stress - strain response of {1𝐵𝐶𝐶}1
At 25% radii however, a stress strain curve much closer to an ideal energy absorber is produced rather
than a “wavy” curve. Similar to the smaller radii unit cells, the 25% radius shows a distinct 2 peak stress
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strain curve, but its strength is much greater than the other unit cells, and the curve is smoothed, with
very minor peaks, and very minor valleys. This can be seen in figure 24 below. The 25% radius had a
much smaller densification strain with an average of 0.4. The 25% radius unit cell can be seen at
increasing values of strain in figure 23. The same failure of the bottom struts first and top struts second
is observed.
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Figure 23: {1𝐵𝐶𝐶}1 , ‖25‖ at increasing values of strain
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Figure 24: Compressive stress - strain response of {1𝐵𝐶𝐶}1 , ‖25‖
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The {1𝐵𝐶𝐶}1 , ‖25‖ specimens compressive response can be seen in figure 24, taken from the same data
which controls Table 8 and figure 17. There were 3 specimens tested, each curve in figure 24 represents
a single specimen of the same geometry. They were measured to have the highest initial and secondary
ultimate stress of any tested unit cell specimen. Furthermore, this unit cell shape exhibited nearly ideal
plastic deformation behavior. This unit cell has the highest energy density (energy per unit volume) of
any of the unit cells tested. The {1𝐵𝐶𝐶}1 , ‖25‖ specimens were also measured to have the second
highest compressive modulus of elasticity.
Given its ideal plastic deformation behavior, the {1𝐵𝐶𝐶}1 , ‖25‖ structure makes an excellent candidate
for energy absorption applications.

Effect of Strut Angle
The strut angle of the unit cell plays a significant effect on the mechanical characteristics. Increasing the
angle of the struts decreases the effective moment arm at the node. This subjects the microstruts to a
greater axial load. It was predicted that the {1𝐵𝐶𝐶}1 , 〈0.862, 0.862, 1.232〉 specimens, also known as
the 55 degree, 0% radius would display an unstable buckling failure mode, however the compression
tests displayed a plastic hinge dominated failure similar to the {1𝐵𝐶𝐶}1 specimens. Furthermore,
the {1𝐵𝐶𝐶}1 , 〈0.862, 0.862, 1.232〉 (also known as 55 degree, 0% radius) specimens displayed the
highest modulus of elasticity, highest densification strain, and lowest ultimate stress of any unit cell
tested. It is interesting to note that this unit cell is the only one to fracture on one of the lower struts at
the connection to the skin, see the sharp drop in stress in figure 26. The 55 degree, 0% radius unit cell
can be seen at increasing values of strain in figure 25.
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Figure 25: Deformation of {1𝐵𝐶𝐶}1 , 〈0.862, 0.862, 1.232〉 at various values of strain
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Figure 26: Compressive stress - strain curve for {1𝐵𝐶𝐶}1 , 〈0.862, 0.862, 1.232〉 with fracture (circled)
Mechanical Characterization of 3^3 BCC Lattice Structures in Compression
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The compressive response of the {3𝐵𝐶𝐶}3 specimens and variants differs from the response of the
individual unit cells. The non-boundary layers of the lattice withstand lower levels of stress than the
boundary layers, and in the {3𝐵𝐶𝐶}3 specimens, collapse via plastic hinges located at the nodes. 2
distinct peaks can be observed at high values of strain. These peaks are associated with the progressive
collapse of the bottom, and then the top boundary layers as seen in the {1𝐵𝐶𝐶}1 specimens and
variants. The {3𝐵𝐶𝐶}3 , 〈0.862, 0.862, 1.232〉 (Also known as 55 degree, 0% radius) did not display 2
distinct peaks. The relatively rough curve displayed in figure 27 (c) at high strain values (>0.4) was
dominated by numerous fractures occurring at the bottom boundary layer nodes of the lattice.
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Figure 27: Compressive stress - strain response of 3^3 BCC lattice specimens

In figure 27, the 3 different 3^3 stress-strain curves are displayed. One specimen of each geometry was
tested. From this figure, we can see that the 25% radius has the highest mechanical properties, the 0%
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radius with medium properties, and the 55 degree, 0% radius with lowest mechanical properties, but
not much lower than the 0% radius specimen. All of these specimens had much lower mechanical
properties than the individual unit cell, suggesting that the boundary layer condition provides significant
support to the unit cell. In figure 28, the 55 degree, 0% radius unit cell is compared with the respective
lattice to compare the difference.
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Figure 28: Comparison between 55 degree 0% radius unit cell specimens and 3^3 lattice
In figure 28, it is observed that the 55 degree, 0% radius lattice specimen displays significantly lower
properties than the individual unit cell. From this figure, it can be concluded that the boundary layers
provide a significant support to the unit cell and therefore increase the mechanical properties
significantly.
Effect of Node Radius

39

The {3𝐵𝐶𝐶}3 specimen responds to compression differently than the independent unit cell. In the nonboundary layers of the lattice, the independent unit cells fail via plastic hinges located at the nodes
rather than in the microstrut. This changes again however as the non-boundary layers of the lattice fully
densify before the boundary layers. At very high values of strain (>0.5), the boundary layers fail in a
manner consistent with the individual unit cells. The bottom boundary fails first, with plastic hinges
forming in the microstruts, followed by the highest ultimate stress achieved by the structure occurring
just before the collapse of the top boundary layer. This failure progression is consistent with Gumruk’s
work on constrained BCC lattice specimens. (Gümrük et al., 2013)
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Figure 29: {3𝐵𝐶𝐶}3 lattice specimen at increasing values of strain
In figure 29 above, it is interesting to note that the top layer of this specimen fails via the unstable
twisting plastic buckling mode. This could be attributed to non-orthogonal normal forces applied from
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the densified layers below the boundary layer, and/or morphological asymmetry as a result of droop in
the unsupported top skin.
Differing from the 45 degree 0% radius 3^3 lattice specimen, the 25% radius specimen did not fail via
plastic hinges at the node in the non-boundary layers of the lattice, but rather each of the unit cells
failed in a manner consistent with the failure of the independent unit cell. This is dominated by plastic
hinges located in the microstruts. By increasing the radius, and therefore size of the node, the weak
point of the structure is moved away from the node and into the microstrut.
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Figure 30: {3𝐵𝐶𝐶}3 , ‖25‖ specimen at increasing values of strain
Each of the independent unit cells of the lattice failed via plastic hinges located in the microstrut,
lending to a very stable failure progression, where the non-boundary layer cells collapsed concurrently
for strain values 0 to 0.3, followed by the bottom boundary layer collapse and finally the top boundary
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layer collapse. This can be observed in figure 30 above. Consistent with the other specimens, the highest
ultimate stress was recorded just before the collapse of the top boundary layer.
Mechanical Characterization of 3^3 BCC Upskin “OFF” Specimens
Four 3^3 lattice specimens of increasing radius were tested with the Upskin parameter turned “OFF”.
The resulting stress strain – curves are shown in figure 31 below. In comparison to the Upskin “ON”
specimens, these specimens exhibited very poor mechanical properties as can be seen in figure 10,
which compares an upskin off specimen with an upskin on specimen of the same geometry. While
inferior to the Upskin “ON” specimens, it is valuable to observe and discuss the increasing values.. One
specimen of each geometry was tested. Figure 32 displays the four specimens tested at 25% strain.
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Figure 31: Stress - strain curves for Upskin "OFF" Specimens ranging from 0% radius to 18.75% radius
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Increasing the node radius changes the failure mode in the non-boundary layers from a node bending
dominated failure to a plastic hinge dominated failure within the microstrut. Increasing the node radius
increases the overall size of the node, decreasing the length of the microstruts.

{3𝐵𝐶𝐶}3

{3𝐵𝐶𝐶}3 , ‖6.25‖

{3𝐵𝐶𝐶}3 , ‖12.5‖

{3𝐵𝐶𝐶}3 , ‖18.75‖

Figure 32 : Upskin "OFF" lattice structure specimens at 0.25 strain
Effect of Strut Angle
Similar to the unit cell specimens, increasing the strut angle increased the modulus of elasticity and
densification strain, but decreased the ultimate stress. The increased strut angle increased the initial
ultimate stress in comparison to the {3𝐵𝐶𝐶}3 , and led to a failure mode not seen in the
{3𝐵𝐶𝐶}3 specimens. Instead of the stable failure mode seen in all other specimens,
the {3𝐵𝐶𝐶}3 , 〈0.862, 0.862, 1.232〉 specimen initially failed via the unstable twisting buckling mode
seen in Gumruks work (Gümrük et al., 2013) as highlighted by the red box in figure 33.
The {3𝐵𝐶𝐶}3 , 〈0.862, 0.862, 1.232〉 was the only specimen tested to encounter several microstrut
fractures at the nodes at high values of strain (>0.4). No distinct peaks are observed prior to
densification due to these fractures. The stress strain curve for this 55 degree, 0% radius specimen can
be seen in figure 34. Only one specimen of this geometry was tested.
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Figure 33: {3𝐵𝐶𝐶}3 , 〈0.862, 0.862, 1.232〉 at increasing values of strain with unstable buckling failure
mode circled
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Figure 34: Compressive Stress - Strain curve for 3^3 55 degree lattice specimen
Discussion of Approximated Relative Density and Specific Values
The fabrication process of the test specimens rendered the measurement of a consistent, accurate mass
impossible. The fabrication process required supports to raise the specimens off the build plate. These
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support structures can be seen in Figure 11, which displays the test specimens prior to removal from the
build plate. In order to develop predictive numerical models of the mechanical properties of the
structures, the relative density must be calculated. To approximate the relative density, the as built part
density must be estimated. To find this, the CAD model’s theoretical mass was divided by the measured
volume. From the determined CAD theoretical mass, it is useful to determine the specific energy
absorption, specific stiffness, and specific strength of the structures. These values can be found in table
9. The specific energy absorption and modulus was calculated using the experimentally measured
energy absorbed up to densification and first peak modulus and dividing by the CAD theoretical mass.
Table 9 : Approximate relative density and specific values based on theortical mass
Structure ID
{1𝐵𝐶𝐶}1
{1𝐵𝐶𝐶}1 , ‖6.25‖
{1𝐵𝐶𝐶}1 , ‖12.5‖
{1𝐵𝐶𝐶}1 , ‖18.75‖
{1𝐵𝐶𝐶}1 , ‖25‖
{1𝐵𝐶𝐶}1 , 〈0.862, 0.862, 1.232〉
{3𝐵𝐶𝐶}3
{3𝐵𝐶𝐶}3 , ‖25‖
{3𝐵𝐶𝐶}3 , 〈0.862, 0.862, 1.232〉

Relative
Density %

Specific Energy
Absorption (J/g)

6.2%
6.4%
6.8%
8.1%

10.23

9.8%
7.0%
5.0%
8.7%
6.9%

10.18
8.7
7.0
7.3
6.4
8.0
6.7
5.2

Specific
Stiffness
(MPa/g)
5692
6060
5656
4880
5145

13608
104
182
267

From these approximated values, the {1𝐵𝐶𝐶}1 , ‖25‖ had the highest relative density, the {1𝐵𝐶𝐶}1
specimens exhibit the greatest specific energy absorption of the structures tested, and the
{1𝐵𝐶𝐶}1 , 〈0.862, 0.862, 1.232〉 specimens exhibit the greatest specific stiffness.
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CHAPTER 5 PREDICTIVE NUMERICAL MODELS
Predictive Gibson Ashby Model
The Gibson-Ashby model (Gibson & Ashby, 1997) provides an estimation of the mechanical properties of
an open cell metallic foam via formulas that relate the relative density of a material to the bulk density.

Figure 35: Gibson-Ashby formulas for estimating compressive modulus and compressive strength of
open cell metallic foams
All values which include the subscript 0 represent the properties of the bulk material, while all values
𝜌
without a subscript represent the properties of the cellular material. ⁄𝜌0 is representative of the
relative density of the cellular material. E is representative of the compressive modulus of the cellular
material. 𝜎 is representative of the compressive yield strength of the cellular material. The values of C
are constants used to fine tune the model after experimental testing.
The ultimate tensile strength and modulus of 633MPa and 184GPa sourced from the SLM Solutions user
manual is used for this approximation, Using the relative densities calculated from the theoretical mass
of the specimens, the above formulas are used to estimate the values of compressive initial ultimate
stress and compressive modulus. These values are shown in the table and figure below and compared to
experimentally obtained values of initial ultimate stress and compressive modulus.
To find C1 and C2, the formulas shown in figure 35 are rearranged to solve for C1 and C2, and the
experimentally achieved values of E and 𝜌 are inputted into the formula. The values of C1 and C2 are
solved for, and then used for future estimations. In this manner, a predictive model with a corrective
constant specific to a geometry can be created.
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The calculated values for C1, C2, and the pre-corrective constant values for ultimate stress and modulus
are displayed in table 10. A visual comparison between the pre-corrective constant values of modulus
can be found in figure 36. A visual comparison between the pre-corrective constant values of ultimate
stress can be found in figure 37. With corrective constants, the values which come from the GibsonAshby formulas match the experimentally achieved values.
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Table 10: Gibson-Ashby calculated values
Structure ID

Relative
Density
%

{1𝐵𝐶𝐶}1
{1𝐵𝐶𝐶}1 , ‖6.25‖
{1𝐵𝐶𝐶}1 , ‖12.5‖
{1𝐵𝐶𝐶}1 , ‖18.75‖
{1𝐵𝐶𝐶}1 , ‖25‖
{1𝐵𝐶𝐶}1 , 〈0.862, 0.862, 1.232〉
{3𝐵𝐶𝐶}3
{3𝐵𝐶𝐶}3 , ‖25‖
{3𝐵𝐶𝐶}3 , 〈0.862, 0.862, 1.232〉

6.2%
6.4%
6.8%
8.1%
9.8%
7.0%
5.0%
8.7%
6.9%

G-A
Predicted
Modulus
(MPa)
699
761
861
1205
1773
914
868
467
1388

Modulus
Corrective
Constant C1
0.41
0.41
0.39
0.29
0.22

0.73
0.30
0.30
0.41

G-A
Predicted
Strength
(Mpa)
9.7
10.3
11.3
14.6
19.5
11.8
7.2
16.2
11.4

Strength
Corrective
Constant C2
0.96
0.99
0.91
0.69
0.61
0.58
0.36
0.66
0.28

Modulus Comparison Between Gibson-Ashby Model and Experimental
Results
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Figure 36: Comparison of numerical and experimentally obtained values of compressive strength
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Ultimate Stress Comparison Between Gibson-Ashby Model and
Experimental Results
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Figure 37: Comparison of numerical and experimentally obtained values of compressive modulus
The Gibson Ashby model accurately predicts which structure will be strongest, but does not accurately
predict which structure will be stiffest. This unfortunately indicates that the Gibson Ashby model is not
the best method to predict the values of these structures. While technically these structures are open
cell metallic foams, the effect of the geometry of the unit cell is significant, while the relative density is
not as significant. With the addition of the corrective constants however, these formulas could be used
to effectively predict the properties of the tested specimens.
The major disparity between numerically calculated and experimentally obtained values indicates that
this model is not ideal for accurately predicting the mechanical properties of individual lattice unit cells
or 3^3 specimens.
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FUSION 360 Finite Element Model
Using the same properties used to develop the Gibson-Ashby model for this study (633MPa ultimate
strength), a basic static stress linear FE analysis was performed using Fusion 360 to determine the
ultimate yield stress.
The model was fully constrained on the bottom skin, and an arbitrary force was applied to the top skin.
The factor of safety was set as 633MPa for internal stresses. From the analysis, the factor of safety was
obtained and was multiplied by the applied force to obtain the predicted ultimate force which the
structure can withstand prior to plastic deformation. The ultimate predicted force was then divided by
the cross sectional area of the space filling structure to obtain the predicted ultimate strength. These
predicted values of ultimate strength can be seen in Table 11 below.
Table 11: FEA obtained ultimate strengths
Structure ID

FEA Predicted Ultimate Strength (Mpa)

{1𝐵𝐶𝐶}1
{1𝐵𝐶𝐶}1 , ‖6.25‖
{1𝐵𝐶𝐶}1 , ‖12.5‖
{1𝐵𝐶𝐶}1 , ‖18.75‖
{1𝐵𝐶𝐶}1 , ‖25‖
{1𝐵𝐶𝐶}1 , 〈0.862, 0.862, 1.232〉
{3𝐵𝐶𝐶}3
{3𝐵𝐶𝐶}3 , ‖25‖
{3𝐵𝐶𝐶}3 , 〈0.862, 0.862, 1.232〉

3.014
2.704
3.682
3.984
4.62
3.314
0.768
1.670
1.125

Similar to the Gibson-Ashby model, the FEA model effectively predicts which structure will be strongest,
and which will be weakest. Unlike the Gibson-Ashby model however, the values obtained are
significantly less than the experimentally obtained values. The FEA model indicates a failure location
which always occurs at or near the node on the bottom microstruts of the unit cell as can be seen in
figure 39 and figure 40. Figure 40 displays a failure located in the central unit cell of the 3^3 lattice.
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Ultimate Stress Comparison Between FUSION 360 Static Stress Model and
Experimental Results
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Figure 38: Comparison of FEA obtained strength and experimentally obtained strength

Figure 39: {1𝐵𝐶𝐶}1 and {1𝐵𝐶𝐶}1 , ‖25‖ with yield points at the nodes circled
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9

Figure 40: {3𝐵𝐶𝐶}3 and {3𝐵𝐶𝐶}3 , ‖25‖ with yield locations at the bottom microstrut nodes of the
centermost unit cell circled
While there is a vast disparity between the FEA obtained values and the experimentally obtained values,
the FEA models raise the following two hypothesis regarding the differences.
It is hypothesized that during compression, the stresses within the microstruts reach the base material’s
ultimate stress well before the structure itself reaches its ultimate compressive stress. This indicates
that as the microstruts within the structure plastically deform, the strength of the structure actually
increases until a global failure of the unit cell occurs.
It can also be hypothesized that the observed droop and morphological deviations from the nominal
geometry plays a significant role in the experimentally obtained values.
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CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK
Conclusions
This work focuses on the mechanical characterization of body centered cubic unit cell, and modifications
to its topology with regards to node radius and microstrut angle. The test specimens were fabricated
using a SLM solutions 125 machine tool with a 400W laser. The results from this study are used to
understand the mesostructural failure mode of the BCC lattice structure. Dimensional analysis suggests
that a +5% scaling should be used in the X and Y axis, and a +8% scaling should be used in the Z axis to
compensate for shrinkage on this machine. The average droop at the bottom center of the node was
0.623mm and the average droop at the top center of the node was 0.065mm. Mechanical compression
testing indicates that increasing the node radius does not significantly affect the mechanical properties
of the mesostructure until a radius of 25% is reached. Compression tests of 25% radius unit cells and 3^3
lattice specimens displayed near ideal elastic-plastic deformation behavior. Increasing the strut angle of
the unit cell significantly increases the modulus of elasticity and significantly decreases the ultimate
stress. Failure of the BCC unit cell is characterized by plastic hinge bending at the node in non-boundary
layers, and plastic hinge bending at the microstrut in constrained boundary layers. The “Up Skin”
parameter on the SLM solutions build software produces significantly better parts with improved
surface finish, strength, modulus, and morphological accuracy. Using a theoretical mass to determine
relative density, numerical models were developed using both the Gibson-Ashby model and Fusion 360
FEA solver. The Gibson Ashby model initially provides a poor predictor of the modulus and ultimate
strength of the structures, however with the addition of a corrective constant, the models can
accurately predict these values. The Fusion 360 FEA model was limited to linear static stress, and
therefore the obtained results were far lower than those experimentally obtained. This indicates that
the base material within the structure yields and plastically deforms prior to the global yielding of the
entire structure.
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Recommendations for Future Work
During the course of this study, several uncontrolled variables were encountered. The main unexpected
variable was the heat gradient encountered on the machine build plate. It is recommended that a study
on the root cause of the heat tint observed on the specimens is performed, with a focus on build
chamber oxygen levels and temperature variation. These shall be correlated with specimen mechanical
properties. A significant challenge to this study was the effective removal of support material from the
test specimens. A study on a cost effective and repeatable process to remove support material from
small specimens could significantly benefit the AM community and Cal Poly.
With the discovery that the {1𝐵𝐶𝐶}1 , ‖25‖ and {3𝐵𝐶𝐶}3 , ‖25‖ respond with nearly ideal energy
absorbing behavior, it is of interest to perform impact tests on the structure to determine its dynamic
compressive response. Experimenting with a combination of increased microstrut angle and node radius
could also result in increased stiffness, as well as an increased ultimate stress.
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APENDIX A: UNIT CELL MODELS AND MACROSCOPIC INSPECTION OF UNIT CELLS
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APPENDIX B: STRESS STRAIN CURVES AND TESTING OBESERVATIONS
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APPENDIX C: SPECIMEN MEASUREMENTS AND MANUFACTURING PARAMETERS

Structure ID
{1BCC}1
{1BCC}1
{1BCC}1 , ‖6.25‖
{1BCC}1 , ‖6.25‖
{1BCC}1 , ‖6.25‖
{1BCC}1 , ‖12.5‖
{1BCC}1 , ‖12.5‖
{1BCC}1 , ‖12.5‖
{1BCC}1 , ‖18.75‖
{1BCC}1 , ‖18.75‖
{1BCC}1 , ‖18.75‖
{1BCC}1 , ‖25‖
{1BCC}1 , ‖25‖
{1BCC}1 , ‖25‖
{1BCC}1 , 〈0.862, 0.862, 1.232〉
{1BCC}1 , 〈0.862, 0.862, 1.232〉
{1BCC}1 , 〈0.862, 0.862, 1.232〉
{1BCC}1 , 〈0.862, 0.862, 1.232〉
{1BCC}1 , 〈0.862, 0.862, 1.232〉
{3BCC}3
{3BCC}3 , ‖25‖
{3BCC}3 , 〈0.862, 0.862, 1.232〉

Lattice Height (mm)

Lattice Width (mm)

Color

Mass (g)

4.8

Lattice Length
(mm)
4.71

4.6

orange

1.093

4.5

4.66

4.72

dark purple

1.083

4.51

4.82

4.63

light blue

1.08

4.54

4.87

4.58

purple

1.07

4.62

4.83

4.54

dark purple

1.076

4.62

4.89

4.8

light blue

1.096

4.69

4.86

4.79

light blue

1.077

4.62

4.86

4.72

light blue

1.089

4.61

4.89

4.83

light yellow

1.1

4.69

4.85

4.8

light yellow

1.098

4.64

4.9

4.88

light yellow

1.091

4.6

4.89

4.81

dark purple

1.121

4.68

4.89

4.85

orange

1.119

4.64

4.88

4.83

light yellow

1.114

5.5

3.98

3.9

light yellow

0.583

5.63

3.78

4.01

light yellow

0.598

5.57

3.86

4.06

light yellow

0.58

5.61

3.78

4.1

light yellow

0.575

5.66

3.9

4.07

light yellow

0.565

14.5

15.17

15.13

silver

10.576

14.7

15.12

15.04

silver

11.52

21.55

10.44

10.76

dark purple

4.061
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